6 Switzerland 7 Key Points: 8 • We simulate impact pressure of cohesive granular flows on obstacles with the Dis-9 crete Element Method 10 • The impact pressure on structures consists of the inertial, frictional and cohesive 11 contributions 12 • The strength of force chains and size of the mobilized domain govern the pressure 13 build-up Abstract 15
7 m and exert pressures in the range of 100 − 500 kPa (Sovilla et al., 2016) . However, 140 at VdlS, the peak flow heights are rarely maintained over longer time spans, but decrease 141 with time. Heights of h 4 m are more common for this kind of flow. Our model is implemented within the framework of Itasca's commercial ware. This software implements the DEM method based on the soft-contact algorithm 145 (Cundall & Strack , 1979) for interacting discrete particles. 146 Because of limited computational power, the number of snow crystals involved in 147 large avalanches is prohibitive to be resolved as individual discrete elements in the model. 148 Therefore, we consider the discrete particles to correspond to small snow agglomerates 149 rather than individual ice crystals. Hence, the radius of the particles in the simulations 150 are normally distributed within the interval 32 mm≤ r p ≤ 48 mm corresponding to a mean 151 value of r p = 40 mm. According to field surveys, this corresponds to an intermediate gran- 152 ule size (Bartelt & McArdell , 2009; Sovilla et al., 2008a; Steinkogler et al., 2015) . Be-153 cause snow particles are not resolved individually, the material properties of the discrete 154 elements in the model must correspond to the macroscopic properties of the snow gran-155 ules rather than the ice properties at the crystal level. 156 In DEM, the material's characteristics are not only influenced by the particles' prop-157 erties. The dynamical behavior is primarily governed by the contact model, which comes 158 into play whenever two particles interact with each other. A suitable contact law is there-159 fore of prime importance to mimic the flowing snow in an avalanche. In the present work, 160 a parallel bond contact model (Potyondy & Cundall , 2004 ) is used to model the mechan- In order to perform a systematic study of the influence of velocity and cohesion on 173 impact pressure, we aim to impose the flow of the granular material independently from 174 the particle and contact properties in the DEM model. Therefore, we propose a setup 175 which enforces the flowing granular material (e.g. snow) to match a specific vertical ve-176 locity profile. 177 To achieve this, we isolate a finite volume of particles around the obstacle. The com-178 putational domain is 28 m high (z direction) and is confined with a wall at the bottom. 179 This bottom wall mimics the gliding surface on which the avalanche flows. Transverse 180 to the flow (y direction), the domain is 7 m wide and is limited by a periodic boundary 181 condition. In the streamwise direction (x direction), the domain is 10 m long and is lim-182 ited by pushing walls, segmented in height (Figure 1) . By moving the wall segments at 183 different speeds at different heights, we can impose the velocity magnitude and profile 184 to the particle volume. In this way the velocity past the obstacle can be controlled while 185 also accounting for effects such as basal friction and shear dilatancy. 186 For the simulations, we use idealized plug and shear velocity profiles. In the grav-187 itational plug flow, we impose a constant velocity over the whole flow height (Figure 1 a) .
188
In the inertial shear flow, the velocity increases linearly from the bottom to the free sur-189 face of the granular flow (Figure 1 b) . Ranges for cohesion and velocity, velocity profiles 190 and flow heights are given in Table 1 . 191 Gravity points in the negative z direction. While the average slope in the region 192 of the VdlS pylon is approximately 20 • , this approximation can be justified in the con-193 text of our test case because the terrain up to 10 m upstream of the pylon is nearly flat.
194
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200
The simulated velocity sampled at the side of the structure is only used for the com-201 parison of the simulated and the experimentally measured impact pressure in Figure 2 202 and 3. Otherwise, we always use the imposed velocity at the wall. The simulated im-203 pact pressure is determined by summing up the face-normal component of all contact 204 forces acting on the measurement surface and dividing it by the sensor surface area.
205
To compare simulations, we always use a representative value of contact force, ve-206 locity at the pylon, imposed velocity, confining pressure and impact pressure, which cor-207 responds to the value at mid flow depth.
208
-8- in the gravitational plug flows and from 300 kg/m 3 to 365 kg/m 3 in the inertial shear flows.
227
The ranges of these bulk densities agree well with the values from field and experimen- (1997) for snow with densities from 320 kg/m 3 to 420 kg/m 3 and is the same range as used by Gaume et al. (2015b) . In the present study we use the local Bond number (equation 2) instead of σ coh to analyze the influence of the cohesive strength. 3 Results
234
The following section presents the results of our study on the influence of veloc-235 ity and cohesion on the avalanche pressure on the VdlS pylon. The results are divided 236 into four parts. In the first step, we compare the simulated impact pressure to full-scale 237 measurements from VdlS to test whether the model proposed in section 2 is able to re-238 produce field measurements. Secondly, we show the results of the parametric study, where 239 we vary velocity and cohesion in our simulation. There we analyze how impact pressure 240 is influenced by changes in these two variables. In the third step, we analyse the flow around 241 the obstacle at the micro-scale to better interpret and understand the influence of ve-242 locity and cohesion on the impact pressure. In the fourth step, we analyze the range of respectively. The simulations start by imposing a velocity profile using the pushing walls.
249
The resulting velocity profile at the pylon, which is different from the imposed one, is 250 then compared to the measured velocity profile. The other parameters in the simulations 251 are kept constant as described in Table 1 . The only free parameter is the cohesion, which 252 to date can not be measured in the experiments and can only be estimated for the sim-253 ulations (section 2.4).
254
In the case of the gravitational flow, we select measurements performed in a warm In order to test the relevance of our model in simulating the correct pressure for 281 a larger range of velocities and cohesions, we vary the cohesive strength and velocity in 282 our simulations according to the ranges given in Table 1 .
283
In Figure 3 , we compare the simulated impact pressures to full-scale measurements 
Influence of velocity and cohesion on impact pressure 294
In this section we analyze the influence of velocity and cohesion on impact pres-295 sure. For this purpose, we vary both quantities systematically in the ranges given in Ta- , 1999; Wieghardt, 1975) . For velocities higher than 4 m/s, 303 the pressure increases gradually, for the cohesive and the cohesion-less case.
304
In this graph we identify three pressure contributions which are illustrated by the 305 black lines in Figure 4 a, and the colored areas in the inset thereof. We define the first 306 impact pressure contribution as the inertial contribution, which is proportional to ve- shows that this contribution is mostly relevant for the gravitational flow (2 ≤ v ≤ 8 m/s).
322
The third pressure contribution is the cohesive contribution, visualized with the 323 red area in the inset. We define it as the pressure difference between the dash-dotted and higher Bond numbers.
336
In order to obtain a more universal description of the pressure curves, we compen-337 sate for this shift by introducing a new dimensionless number, which is the ratio of the 338 Bond and the Froude number q Bo,F r = Bo/F r. In Figure 4 c, we normalize the abso- In order to understand the origin of the pressure amplifications, we analyze the flow 350 around the pylon at the particle level (micro-scale) and compare selected simulations.
351
First, we give a general overview of three scenarios with different velocities and cohesions.
352
In the following subsections 3.3.1 and 3.3.2, we analyze the influence of velocity (F r) and 353 cohesion (Bo) separately. 354 We define the mobilized domain as the volume in the flow, where the contact forces The lower half shows inter-particle contact forces whose strength is visualized through the line thickness and color. Panels b, e and h show the vertical section view in x-z plane located in the middle of the pylon (red dash-dotted line in panels a, d and g). The extent of the pylon is visualized by the black area. Panels c, f and i show the impact pressure profiles with the standard deviation of the temporal pressure fluctuations from its mean value indicated by the error bars.
-17-manuscript submitted to JGR: Earth Surface In panels a, d and g we find that force chains stronger than average are only ob-366 served in the same region where the velocity of particles is reduced due to the presence 367 of the obstacle. Indeed, the mobilized domains in the velocity field and the contact forces 368 agree well in terms of size and shape. in the mean contact force in Figure 6 a for high F r compared to low F r.
406
To quantify the size of the mobilized domain in a single number, we use the stand-407 off distance. Similarly to Faug (2015), we define it as the furthest point in the mobilized 408 domain upstream of the obstacle's leading edge. Hence, the standoff distance defined here 409 depends on the choice of the threshold which is used to distinguish between the free flow 410 and the mobilized domain. However, even for a different thresholds, the definition of the 411 mobilized domain with the median force proves to be very robust, and the standoff dis-412 tance alters only marginally. Here, we use the standoff distance to compare the size of 413 the mobilized domains across all cohesion-less simulations. Figure 6 d shows that the stand- In contrast to Figure 6 a all curves in Figure 7 a have a similar shape. In addition, 430 the standoff distance is almost constant around 1.5 m for all cases, and the dotted lines show that contact forces are enhanced by increasing cohesion. This is even more pro-432 nounced for local forces in the mobilized domain just upstream from the obstacle. There, 433 the peak contact forces differ considerably more between low and strong cohesion than 434 -22-manuscript submitted to JGR: Earth Surface the median contact force. For the example of F r = 0.7 given in Figure 7 a, the peak 435 force (highest red triangle) is approximately 3 times higher than the median of the con-436 tact forces (red dotted line) for the highly cohesive case. In the cohesion-less simulation, 437 the peak value (highest dark blue circle) is only 2.5 times higher than the median con- particles are typically larger at the surface of the flow due to particle segregation, which 495 may affect the pressure distribution (Kern, 2000) .
496
To obtain a broad understanding of the influence of cohesion in various avalanche 497 scenarios we choose a large range of cohesion (0.0 kPa≤ σ coh ≤ 20.0 kPa) values and ap-498 ply it to the whole range of velocities (Table 1) . We put these cohesive values into per- , 1997; Yamanoi & Endo, 2002) , they are probably only valid for the 505 same choice of the other parameters stated in Table 1 .
506
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In this study, we used mechanical snow properties from the literature, which are 507 mostly derived from studies on the mechanics of undisturbed snow. In contrast, avalanche 508 snow may undergo large deformations and transitions (Steinkogler et al., 2015; Valero 509 et al., 2015) . Therefore, the stated values must be considered with care in the context 510 of this study. Hence, in the future it would be important to collect data on the mechan-511 ical properties of snow granules from avalanches.
512
The qualitative trend of all results shown in this study have, however, proven to 513 be very robust to changes in any of these parameters. For example, if ρ p is increased, to note that all three contributions are present for the whole range of F r, but with chang-526 ing importance as a share of the entire impact pressure.
527
The inertial contribution is known from other fields (e.g. fluid dynamics, granu-528 lar flows) and is proportional to density and velocity squared. This v 2 proportionality 529 is confirmed by the slope of the dashed black line in Figure 4 a, which is ∼ 2 for high 530 velocities (v 20 m/s). Hence, we confirm that avalanche pressure is governed primar-531 ily by inertial impact for Froude numbers close to or greater than 10 (Voellmy, 1955; Thib-532 ert et al. , 2008; Faug, 2015) .
533
The frictional contribution is most pronounced at low F r and arises due to the gran- The cohesive contribution is also highest at low F r and constitutes up to 70 % of 539 the entire impact pressure for the range of cohesion from Table 1 . If we consider the range 540 of back calculated cohesion (0.5 kPa≤ σ coh ≤ 15.6 kPa) the largest pressure amplifica-541 tion factor due to cohesion is 2.1 with respect to the cohesion-less case. Furthermore,
542
we show that cohesion is only relevant for a pressure increase above a certain threshold, 543 where the slopes of the curves in Figure 4 2015), we demonstrate that also here small changes in cohesion around the co-555 hesion threshold, above which pressure is amplified, may lead to substantial changes in 556 pressure. 557 We also observe that the cohesion threshold varies with F r and assume that this 558 is due to the competing effect of cohesive and inertial forces in the snow. We take this 559 into account by defining the Bond to Froude ratio q Bo,F r . Moreover, we decouple the 560 cohesive pressure contribution from the frictional and inertial contribution by normal- In this study, we confirm the existence of the mobilized domain postulated by Faug 571 (2015), even in cohesion-less granular flows. Hence, the mobilized domain owes its pres-572 ence to the granular nature and the force chains in the granular flow, rather than the 573 presence of cohesion. Consequently, the mobilized domain in cohesion-less flows is most 574 likely the origin of the frictional pressure contribution (yellow area in inset of Figure 4 a) .
575
Our results show that the shape of the mobilized domain can be described using 576 the Froude number only. For low F r, the domain has an approximately circular shape 577 and is located mainly upstream of the obstacle (Figure 6 b ). If the Froude number is in-578 creased, the mobilized domain is "pushed" gradually downstream by the flow. For the 579 highest Froude numbers, the mobilized domain has the shape of a bow wave (Figure 6 c) .
580
Here, we use the standoff distance (section 3.3.1) to characterize the extent of the 581 mobilized domain. Figure 6 d shows that for increasing F r, the standoff distance decreases 582 dramatically from a maximum of ∼ 2.0 m in the range of F r < 5, and then levels out using the theory of Faug (2015) for the same structure. Furthermore, it is important to 591 bear in mind that the size of the mobilized domain and therefore the standoff distance 592 probably differs substantially for other geometries. 593 We also show that cohesion neither influences the size, nor shape of the mobilized 594 domain, but changes the level of the contact forces inside the domain. As a general rule, 595 we observe that the median contact forces increase with increasing cohesion. Our results 596 confirm the observations of Favier et al. (2013), who found that cohesion increase leads 597 to a densification of the contact network and to an increase in the temporal contact per-598 sistency. Figure 7 d shows that the dependency of the median contact force and cohesion scale is directly linked to the intensified contact forces at the micro-scale.
603
While further proof is needed, we assume that the frictional and cohesive contri-
